Abstract Policosanol, a well-defined mixture of very long chain primary alcohols that is available as a nutraceutical product, has been reported to lower blood cholesterol levels. The present studies demonstrate that policosanol promotes the phosphorylation of AMP-kinase and HMG-CoA reductase in hepatoma cells and in mouse liver after intragastric administration, providing a possible means by which policosanol might lower blood cholesterol levels. Treatment of hepatoma cells with policosanol produced a 2.5-fold or greater increase in the phosphorylation of AMP-kinase and HMG-CoA reductase, and increased the phosphorylation of Ca ?? /calmodulin-dependent kinase kinase (CaMKK), an upstream AMP-kinase kinase. Intragastric administration of policosanol to mice similarly increased the phosphorylation of hepatic HMG-CoA reductase and AMP-kinase by greater than 2-fold. siRNAmediated suppression of fatty aldehyde dehydrogenase, fatty acyl-CoA synthetase 4, and acyl-CoA acetyltransferase expression in hepatoma cells prevented the phosphorylation of AMP-kinase and HMG-CoA reductase by policosanol, indicating that metabolism of these very long chain alcohols to activated fatty acids is necessary for the suppression of cholesterol synthesis, presumably by increasing cellular AMP levels. Subsequent peroxisomal b-oxidation probably augments this effect.
Introduction
Policosanol is a well-defined mixture of very long-chain alcohols (C26-C32) derived most commonly from the wax of processed sugar cane [1] . A number of early clinical studies indicated that policosanol at 5-20 mg/day could lower blood cholesterol levels [2] [3] [4] , although several more recent, larger studies have been unable to replicate this benefit, even with doses up to 80 mg/day [5] [6] [7] . Our previous studies [8] showed that policosanol decreases cholesterol synthesis in rat hepatoma cells by up to 30% at concentrations relevant to clinical dosing regimens, providing a possible mechanism to lower blood cholesterol. This inhibition is mediated at or above HMG-CoA reductase, the regulatory step in cholesterol synthesis, but policosanol does not directly inhibit this enzyme nor does it decrease enzyme levels as measured by immunoquantitation [8] . Similar results were obtained with fibroblasts in vitro [9, 10] , and two studies with whole animals similarly showed that policosanol treatment decreases hepatic cholesterol synthesis [11, 12] . However, two studies with hamsters were unable to demonstrate an effect of policosanol on cholesterol synthesis in vivo [13, 14] .
Policosanol treatment of hepatoma cells increases the phosphorylation of AMP-kinase at Thr172 [8, 15] , a modification known to activate this kinase, providing a possible mechanism by which policosanol might downregulate HMG-CoA reductase activity and decrease cholesterol synthesis without directly inhibiting the enzyme or reducing its expression: AMP-kinase is the principal regulatory kinase for HMG-CoA reductase, catalyzing the phosphorylation of HMG-CoA reductase at Ser872 [16] . This phosphorylation decreases HMG-CoA reductase activity by 70-80% [17] and is thought to provide a rapid means to modulate cholesterol synthesis in response to cellular ATP levels and other stimuli. The present studies were undertaken to test this hypothesis that policosanol treatment promotes the phosphorylation of HMG-CoA reductase and to identify the mechanism by which policosanol activates AMP-kinase.
Materials and Methods

Chemicals
Lesstanol Brand Natural Policosanol OCTA-60 was kindly provided by Garuda International, Inc. (Lemon Cove, CA). Alcohol content, determined by gas chromatography/flame ionization detection (average of two independent determinations), yielded 66% octacosanol (C28), 17% triacontanol (C30), 6% hexacosanol (C26), 5% dotriacontanol (C32), 2% tetracosanol (C24), and 1% tetratriacontanol (C34). Tricosanol (C23) and heptacosanol (C27) each constituted less than 1% of the mixture, and eicosanol (C20), docosanol (C22), and nonacosanol (C29) constituted less than 0.1%; total alcohol content was 98%. Dulbecco's modified Eagle's medium (DMEM), penicillin-streptomycin-glutamine (PSG), fetal bovine serum (FBS), and trypsin were purchased from Invitrogen (Carlsbad, CA). Acadesine (AICAR), 1,1-dimethylbiguanide hydrochloride (metformin), ionomycin, sodium acetate, and protease inhibitor cocktail were obtained from Sigma (St. Louis, MO). HALT phosphatase inhibitor and the BCA protein assay kit were purchased from Roche Diagnostics (Indianapolis, IN) and Pierce/Thermo Scientific (Rockford, IL) respectively. McA-RH7777 rat hepatoma cells were obtained from American Type Culture Collection (Manassas, VA) and used between passages 12 and 22.
Cell Culture and Preparation of Lysates
McA-RH7777 rat hepatoma cells were cultured in DMEM supplemented with 10% FBS and 19 PSG in six-well plates at 37°C under a humidified atmosphere of 5% CO 2 . After 48 h the medium was replaced with fresh medium with the addition of policosanol (10-25 lg/ml in 50% ethanol) and incubation was continued for 3 h. Control cells received an equal volume of 50% ethanol, which did not exceed 1% final concentration in the medium. Cells were washed once with phosphate-buffered saline (pH 7.4), scraped from the plates, pelleted by low-speed centrifugation, and lysed by two cycles of freeze-thawing (dry ice/ ethanol and 37°C water bath) in 0.25 M Tris-HCl buffer (pH 7.5) containing protease and phosphatase inhibitors at 29 standard concentration. The lysates were cleared by centrifugation (18,3009g, 10 min, at 4°C) and the supernatant was stored in aliquots at -80°C.
Animal Treatments
Experiments involving the use of animals were performed following protocols approved by the Institutional Animal Care and Use Committee of the University of Kentucky and were in accordance with all policies for the use and care of laboratory research animals as stipulated by the NIH. Seven-to-eight week-old female C57BL/6 J mice (*15-17 g) were purchased from Jackson laboratories (Bar Harbor, ME) and maintained in a temperature-, humidity-, and light-controlled facility with free access to water and food for one week prior to experimentation. After an overnight fast, mice in groups of 5 were gavaged with 150 ll of policosanol in 50% ethanol in doses of 25, 50 or 100 mg/kg body weight. Control animals received an equal volume of 50% ethanol only. Access to food was restored, and at 0, 3, 6, 12, and 18 or 24 h the mice were euthanized by CO 2 asphyxiation and the liver and intestine were removed and portions promptly frozen in liquid nitrogen and stored at -80°C until use.
Preparation of Tissue Homogenates
Hepatic and intestinal homogenates were prepared as follows: Approximately 25 mg of tissue was transferred into 4 volumes of ice-cold RIPA homogenization buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM PMSF, 1 mM EDTA, 5 lg/ml aprotinin, 5 lg/ml leupeptin, 1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS) and homogenized using a Potter-Elvehjem homogenizer. The samples were then subjected to two cycles of freezethawing (dry ice/ethanol and 37°C water bath) and then cleared by centrifugation (18,3009g, 10 min, 4°C). The supernatant was stored in aliquots at -80°C. Protein concentration was determined by BCA assay.
Gel Electrophoresis and Immunoblotting
Thirty micrograms of protein from cell lysate or tissue homogenate was fractionated by SDS-polyacrylamide gel electrophoresis on 8% gels and electroblotted to nitrocellulose (Bio-Rad, Hercules, CA). The membrane was blocked with 0.05% Tween-20 and 5% defatted milk for 1 h at room temperature and then incubated in this same buffer with rabbit antibody to total AMP-kinase (anti-AMPK a-pan, 1:2000; Upstate/Millipore, Billerica, MA) or to phosphorylated AMP-kinase (anti-phospho-AMPKa, 1:500; Upstate/Millipore) overnight at 4°C with gentle shaking. The immunoblot was developed with a secondary antibody conjugated to horseradish peroxidase for 1 h at room temperature and the chemiluminescent image (Supersignal West Pico Chemiluminescent Substrate, Pierce/ Thermo Scientific) captured by autoradiography on a Kodak Image Station or on film and analyzed for mean intensity above background. Band intensity on film was measured with Image J software on the scanned image with background subtraction. The same procedure was followed for detecting total HMG-CoA reductase (anti-HMG-CoA reductase, 1:1000, Millipore) and phosphorylated HMGCoA reductase (anti-phospho-HMG-CoA reductase, 1:500; Millipore).
Immunoprecipitation
To determine the level of phosphorylation of the kinases LKB1 and calcium-calmodulin-dependent kinase kinase (CaMKK), cell lysates or tissue homogenates were incubated for 1 h at 4°C with 20 ll of mouse monoclonal antibody to phosphoserine/phosphothreonine/phosphotyrosine (Abcam, Cambridge, MA). Antibody conjugates were precipitated with 35 ll of protein A or G Plus-Agarose (Calbiochem/EMD Chemicals, Gibbstown, NJ) for 1 h at 4°C as follows: After centrifugation at 12,0009g for 20 s at 4°C, the immunoprecipitated phosphoproteins were released from the agarose beads by heating at 95°C for 4 min in 25 ll of 29 gel loading buffer [0.5 M TrisHCl, pH 6.8, 4.4% SDS, 20% (v/v) glycerol, 2% (v/v) 2-mercaptoethanol, and bromophenol blue in deionized water]. After removal of beads by centrifugation at 12,0009g for 20 s at 4°C, the phosphoproteins were fractionated by SDS-gel electrophoresis and electroblotted to nitrocellulose as described above. Phosphorylated protein content was detected and quantified with an antibody to LKB1 (anti-LKB1, 1:1000; Sigma Chemical) or CaM-KK (anti-CaMKK, 1:1000; BD Transduction, San Jose, CA) followed by a secondary antibody conjugated with horseradish peroxidase as described above.
siRNA Plasmid Transfection and RT-PCR Analysis of Expression
Plasmids for the expression of siRNA (SureSilencing TM shRNA, SABiosciences, Frederick, MD) to fatty aldehyde dehydrogenase 3A2 (ALDH3A2), peroxisomal acyl-CoA synthetase long-chain family member 4 (ACSL4), and peroxisomal acetyl-CoA acyltransferase 1 (b-ketothiolase, ACAA1) were prepared by standard techniques from Escherichia coli DH5a and used to transfect hepatoma cells plated in 6-well plates at a density of 8 9 10 4 cells per cm 2 as follows: On the day following plating, plasmid DNA was mixed with Fugene 6 transfection reagent (Roche Diagnostics) according to the manufacturer's instructions at a ratio of 1 lg DNA:5 ll reagent and complexes were allowed to form for a minimum of 30 min at room temperature. The cell culture medium then was replaced with antibiotic-free medium containing 10% FBS and the transfection mixture was added drop-wise to the cells with gentle swirling. Four plasmids with unique siRNA sequences were provided for each gene; all four were tested for efficacy by RT-PCR as described below (data not shown), and the plasmid providing the greatest suppression of mRNA expression for each gene was selected for use (Table 1) . A plasmid containing a scrambled siRNA sequence served as the negative control.
Total RNA was isolated from cells with the use of TRIzol reagent (Invitrogen) at 2, 4, 6, 8, and 10 days post-transfection and the concentration of RNA was determined spectrophotometrically with the use of a Nanodrop instrument (Thermo Scientific). First strand cDNA synthesis was performed using 200 units of Superscript II Reverse Transcriptase (Invitrogen) with 200 ng of random primers, 1 ll RNaseOUT (Invitrogen), 5 lg of total RNA, 2 ll of 0.1 M DTT, and 1 ll of dNTP mix (200 lM each nucleotide) in a total volume of 12 ll in diethylpyrocarbonate-treated water. The reaction was incubated at 25°C for 10 min, followed by 50 min at 42°C and then inactivated by incubation at 70°C for 15 min. Synthesized single-stranded cDNA was quantified by Nanodrop measurement. Gene-specific primers for real-time polymerase chain reaction (PCR) were designed using Primer 3 software (http://frodo.wi.mit.edu/primer3/) and are shown in Table 1 . Each 20-ll PCR reaction mixture contained 0.1 lg of single-stranded cDNA or template, 0.5 ll of gene-specific primers (10 lM each), 3 ll of dNTP mix (200 lM each nucleotide) and 19 SYBR Green PCR buffer (Applied Biosystems, Carlsbad, CA). Cycling conditions were: 2 min at 50°C to activate, initial denaturation for 10 min at 95°C, followed by 50 cycles of denaturation for 15 s at 95°C and 1 min of annealing/extension at 55°C. In order to detect nonspecific amplification, dissociation curves were established for each PCR product. The detection and quantitation of nucleic acid levels was done by using the comparative delta-delta ct method [18] .
Statistical Analysis
Image intensity values for each blot were normalized, setting the control (untreated) value at 100 after background subtraction. Results are presented as the mean and standard deviation with significance determined by oneway analysis of variance (ANOVA) with either Dunnett's or Tukey's post-hoc test, setting p \ 0.05, using Prism (GraphPad Software, La Jolla, CA).
Results
Previous results from our laboratory demonstrated that policosanol activates AMP-kinase in hepatoma cells [8] .
To confirm and extend those findings, we carried out doseresponse and time-course experiments. Policosanol increased AMP-kinase phosphorylation in hepatoma cells by more than 2.5-fold after a 3-h treatment (Fig. 1a) , with maximal stimulation occurring between 15-25 lg/ml. These increases were comparable to those seen with AI-CAR and metformin, both of which are known to promote phosphorylation of AMP-kinase and served as positive controls. No change in the level of total AMP-kinase protein levels were observed over the 3-hr period of the experiment. As shown in Fig. 1b , policosanol treatment rapidly activated AMP-kinase, with an increase in phosphorylation evident at 30 min; phosphorylation peaked at 1.5 h and stayed elevated through 3 h. The activation of AMP-kinase by policosanol was concomitant with the phosphorylation of HMG-CoA reductase in hepatoma cells, as shown in Fig. 2 . HMG-CoA reductase phosphorylation was increased in a dose-dependent manner with 10-25 lg/ml of policosanol. Treatment of cells with AICAR or metformin yielded a similar increase in phosphorylated HMG-CoA reductase. Total HMG-CoA reductase protein levels did not change over the course of this experiment.
To extend these studies to whole animals in vivo, the phosphorylation of AMP-kinase and HMG-CoA reductase was assessed in the livers of mice gavaged with a single dose of policosanol at 10, 25, 50, and 100 mg/kg. As shown in Fig. 3 , policosanol increased the phosphorylation of AMP-kinase and HMG-CoA reductase at 25 and 50 mg/ kg by 2 to 4-fold as early as 3 h after dosing. No increase in phosphorylation was seen at lower (10 mg/kg) or higher doses (100 mg/kg), and no change in the total AMP-kinase or HMG-CoA reductase was observed at each of time points and the dosing regimens tested (data not shown). Policosanol had no effect on AMP-kinase in the duodenum of mice gavaged with 25 or 50 mg/kg (data not shown), suggesting that intestinal cholesterol synthesis, which can account for up to 25% of circulating cholesterol, is resistant to suppression by these fatty alcohols.
As AMP-kinase is itself activated by upstream kinases, we wanted to determine if policosanol acted on these upstream kinases. The principal AMP-kinase kinase is LKB1, but AMP-kinase can also be activated by CaMKKb [19] . As both kinases are activated by phosphorylation, we monitored their phosphorylation in hepatoma cells and in mouse liver by immunoblotting after policosanol treatment. LKB1 phosphorylation was increased about 3-fold in hepatoma cells by policosanol (Fig. 4) , slightly less than that seen with metformin, a known activator of LKB1, although neither increase was statistically significant. LKB1 phosphorylation was not increased in mouse liver after gavage with policosanol. CaMKK phosphorylation was increased in hepatoma cells about 2.5-fold by policosanol, and to a slightly greater extent than that seen with ionomycin, an activator of CaMKK; both increases were statistically significant. CaMKK phosphorylation also was increased up to 4-fold in mouse liver at 6 h post-dosing, and remained elevated up to 18 h, although these increases did not reach statistical significance. These results support the activation of AMP-kinase by policosanol both in cell culture and in vivo, and suggest that CaMKK contributes to this activation.
Long-chain fatty alcohols are substrates for the 'fatty alcohol cycle' which converts these alcohols to their corresponding fatty acids [20] . To determine if metabolism of policosanol by this pathway was necessary for the activation of AMP-kinase, we used siRNA to suppress the expression the second enzyme in this pathway, fatty aldehyde dehydrogenase 3A2, in hepatoma cells. As shown in Fig. 5 , the siRNA plasmid suppressed ALDH3A2 mRNA expression nearly completely at 4 and 6 days post-transfection. The corresponding ability of policosanol to promote AMP-kinase phosphorylation at 4, 6, and 8 days post-transfection was reduced by greater than 50% in these cells, and phosphorylation of HMG-CoA reductase was nearly extinguished. These results reveal that the very long chain alcohols that make up policosanol must be converted to fatty acids in order to activate AMP-kinase.
To determine if peroxisomal metabolism of policosanol was also required for activation of AMP-kinase, we used siRNA to suppress the expression of peroxisomal acyl-CoA synthetase long-chain family member 4 (ACSL4) and peroxisomal acetyl-CoA acyltransferase 1 (b-ketothiolase, ACAA1) in hepatoma cells; these enzymes catalyze the activation of long-chain fatty acids and the last step in peroxisomal b-oxidation, respectively. As shown in Fig. 6 , mRNA levels for both enzymes were suppressed by greater than 80% on days 4 and 6 post-transfection, similar to that seen with ALDH3A2. The ability of policosanol to stimulate the phosphorylation of AMP-kinase and HMG-CoA reductase was fully prevented in cells transfected with either siRNA plasmid. The ability of metformin to activate AMP-kinase and promote HMG-CoA reductase phosphorylation was not affected by these siRNAs, demonstrating that the AMP-kinase pathway itself was not impaired by the suppression of peroxisomal fatty acid catabolism.
As the principal metabolite of fatty acid b-oxidation is acetyl-CoA, we determined if addition of acetate to cells would similarly increase the phosphorylation of AMPkinase. As shown in Fig. 7a , addition of sodium acetate (0.12 mM) increased AMP-kinase phosphorylation by 2-3-fold, similar to that seen with AICAR, metformin, and policosanol. To determine if acetate activated AMP-kinase by the same pathway as policosanol, the effect of acetate treatment on CaMKK phosphorylation and LKB1 phosphorylation was measured. As seen with policosanol, acetate increased CaMKK phosphorylation by nearly 3-fold (Fig. 7b) , but did not increase LKB1 phosphorylation (Fig. 7c) .
Discussion
The present studies reveal that the activation of AMPkinase by policosanol is dependent upon the oxidation and peroxisomal metabolism of these very long-chain alcohols. It was anticipated that these alcohols would be metabolized by this route [21, 22] ; moreover, the ability of long chain fatty acids to activate AMP-kinase is well established [23] . These findings thus provide a biochemical mechanism to explain the observed ability of policosanol to decrease cholesterol synthesis, through the activation of AMPkinase and subsequent inactivation of HMG-CoA reductase [8, 15] . It is worth noting that D-003, a mixture of very long chain fatty acids also derived from sugarcane wax, has similarly been shown to decrease cholesterol synthesis in cultured fibroblasts [24] . These results do not exclude the possibility that policosanol acts through other HMG-CoA reductase kinases as well, such as a protein kinase C or a calmodulin-dependent protein kinase, as both have been shown to be capable of phosphorylating HMG-CoA reductase in vitro [25] . Metformin, a widely used drug in Type II diabetes, is a potent activator of AMP-kinase [26] and is well known to modestly lower blood lipid levels in patients. The present results are consistent with the possibility that policosanol could act via this same mechanism to lower blood cholesterol levels. However, although we show here that policosanol is able to increase the phosphorylation of HMG-CoA reductase in mouse liver after intragastric administration, the ability of therapeutically recommended doses of policosanol to decrease blood cholesterol levels by this pathway remains in doubt. The doses used in our study, ranging from 10 to 100 mg/kg by body weight, are considerably higher than those used in clinical studies, where the typical dose is between 5 to 80 mg per day. Assuming that the typical patient weighs 70 kg, a minimal 10 mg/kg dose would require a 35-fold higher dose than that typically used (up to 1 g/d), and this calculation does not consider differences in intestinal absorption between mice and men. Nonetheless, long-chain alcohols are a common constituent of human diets [27] , and no significant adverse effects have been noted for policosanol in animal or clinical studies. CaMKK is thought to be a principal AMP-kinase kinase in brain, but is considered to be an alternative to LKB1 in the liver [28] . In our studies policosanol produced a statistically significant increase in CaMKK phosphorylation in hepatoma cells, suggesting that activation of this upstream kinase by policosanol contributes to the phosphorylation of AMP-kinase. CaMKK phosphorylation was also increased 4-fold in mouse liver after gavage, although this increase was not statistically significant. CaMKK also appeared to be activated by addition of acetate to hepatoma cells, which would bypass the requirement for peroxisomal metabolism; either acetate per se, or its activation to acetyl-CoA or subsequent metabolism would appear to be sufficient to activate this kinase. Notably, Za'tara et al. [23] have shown that non-metabolizable analogs of long-chain fatty acids are also able to activate AMP-kinase, but that this requires activation with coenzyme A. The CoA synthetases that activate these fatty acids to acyl-CoAs generate AMP; AMP is an allosteric regulator of AMP-kinase that facilitates its phosphorylation by LKB1, but not, interestingly, by CaMKK [19, 28] . Thus, b-oxidation of very long chain fatty acids may not be required if they are present in sufficient abundance to generate elevated levels of AMP by activation with coenzyme A.
Our studies with siRNA-mediated suppression of fatty alcohol cycle (ALDH3A2) and peroxisomal enzymes (ACSL4, ACAA1) demonstrate that peroxisomal metabolism of policosanol is necessary for the activation of AMPkinase in hepatoma cells. This requirement for b-oxidation, as shown with ACAA1 suppression, suggests that repeated chain-shortening with subsequent activation by ketothiolase is necessary to generate sufficient AMP to increase AMP-kinase phosphorylation. However, the suppression of peroxisomal b-oxidation not only blocked the effect of policosanol, but also reduced the phosphorylation of AMPkinase and HMG-CoA reductase below the level seen in non-suppressed (control) cells. This suggests that peroxisomal metabolism contributes to the basal level of AMPkinase activation under normal physiological conditions. It is thus formally possible that the activation of policosanolderived fatty acids to acyl-CoAs is sufficient to increase AMP-kinase phosphorylation and activity, without further metabolism by b-oxidation, as found by Za'tara et al. [23] . Nonetheless, under normal circumstances the subsequent peroxisomal metabolism of these activated very long chain fatty acids would greatly increase the generation of AMP and amplify this signaling pathway. This peroxisomal pathway for the activation of AMPkinase by policosanol in hepatoma cells can be extrapolated to the liver in an intact animal. However, the observation made here and earlier [29] that acetate, the product of b-oxidation, leads to the activation of AMPkinase, raises the possibility that policosanol does not need to be absorbed intact to activate hepatic AMP-kinase. Although there is good evidence that the very long-chain alcohols of policosanol are absorbed into the systemic circulation, the fractional absorption is very low [22, 30, 31] . It can be considered that a significant portion of these alcohols may be metabolized in the colon by gut bacteria to generate chain-shortened metabolites, including acetate, propionate, and butyrate, which are readily absorbed and transported to the liver [reviewed in 32]. Moreover, a number of studies have reported that propionate produced in the gut can decrease hepatic cholesterol synthesis [32] . These chain-shortened metabolites would bypass peroxisomal metabolism and serve as direct substrates for cytosolic acyl-CoA synthases, thereby generating AMP; the ability of intraperitoneal administration of acetate to increase AMP levels in hepatocytes and in the liver [33, 34] supports this hypothesis. It was also reported that acetate treatment of hepatocytes decreased SREBP-1 mRNA levels [29] , which could lead to decreased expression of HMG-CoA reductase. Taken together, these observations suggest that there are multiple pathways by which policosanol might generate elevated hepatic acylCoA and AMP levels to activate AMP-kinase and suppress cholesterol synthesis. 
